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Photoswitcha b s t r a c t
Photoswitchable ﬂuorescent probes are key elements of newly developed super-resolution ﬂuores-
cence microscopy techniques that enable far-ﬁeld interrogation of biological systems with a resolu-
tion of 50 nm or better. In contrast to most conventional ﬂuorescence imaging techniques, the
performance achievable by most super-resolution techniques is critically impacted by the photos-
witching properties of the ﬂuorophores. Here we review photoswitchable ﬂuorophores for super-
resolution imaging with discussion of the fundamental principles involved, a focus on practical
implementation with available tools, and an outlook on future directions.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fluorescence microscopy allows researchers to explore the
inner workings of ﬁxed or living specimens in order to directly
monitor organization and dynamics occurring within a given
microenvironment. Its immense popularity arises in large part
from the ability to speciﬁcally label molecules or structures of
interest within a cell and from its ability to study living organisms.
While ﬂuorescence microscopy has revolutionized the visualiza-
tion of structures and dynamics in biology, it has traditionally
faced a resolution limit of about 250 nm laterally and 500 nm axi-
ally, such that features closer than these distances are obscured.
This resolution limit is caused by the diffraction of light and is a
characteristic of all far-ﬁeld light microscopies, where far-ﬁeld
here refers to conﬁgurations where a detector is placed several
wavelengths or further from the emitting dipole. Other biologicalimaging modalities such as electron microscopy, atomic force
microscopy, or near-ﬁeld techniques that place a detector or imag-
ing probe within approximately one wavelength or less of the
emitting dipole, are capable of attaining very high spatial resolu-
tion but either have a poor ability to identify the molecules being
examined or are primarily limited to the imaging of surface
features.
Recently, however, super-resolution ﬂuorescence imaging tech-
niques have emerged which are able to achieve a resolution of
50 nm or better while maintaining the high molecular speciﬁcity
and live-cell compatibility of conventional ﬂuorescence micros-
copy [1,2]. These advances rely critically upon the ability to manip-
ulate ﬂuorophores between bright and dark states in order to
reveal sub-diffraction limit spatial information about samples
being studied. In this review we will focus on photoswitchable
ﬂuorophores for super-resolution ﬂuorescence microscopy, includ-
ing a discussion of how they impact imaging performance, recent
developments in the ﬁeld, and ongoing areas where additional
work is needed. There are already many excellent reviews on
super-resolution microscopy techniques and we refer the reader
to these for more detailed discussion of the techniques [1–7].
Far-ﬁeld super-resolution methods fall loosely into two catego-
ries. Techniques such as stimulated emission depletion (STED)
microscopy, the related technique reversible saturable optically
linear ﬂuorescence transitions (RESOLFT) microscopy, and satu-
rated or photoswitching structured illumination microscopy
Fig. 2. Overview of different types of photoswitching used in super-resolution
ﬂuorescence microscopy. Gray circles indicate non-emissive ﬂuorophores, while
black circles indicate bleached ﬂuorophores. Red and blue stars indicate ﬂuoro-
phores emitting red or blue light.
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effects to generate signal from only a subset of molecules within
a diffraction-limited region (see Fig. 1) [8–11]. In the case of STED,
a donut-shaped depletion beam of wavelength longer than the
detected ﬂuorescence band is typically used to stimulate emission
of light from excited state molecules at the periphery of a diffrac-
tion limited spot. When stimulated emission is driven to a saturat-
ing regime, only excited state ﬂuorophores at the center of the
donut (which has approximately zero intensity) are able to emit
ﬂuorescence. The approach is generalized in the technique RESOL-
FT, which can use transitions other than stimulated emission to
reduce the volume from which signal is emitted. In RESOLFT this
is often done by using a donut-shaped beam to photoswitch the
molecules at the periphery of a diffraction-limited spot to a long-
lived dark state, achieving a similar result as with STED where ﬂuo-
rescence is only detected from molecules at the center of the
donut. The experiment for STED or RESOLFT may then be scanned
and repeated over the entire region of interest to create a super-
resolution image. Linear SIM [12] is an elegant technique capable
of an approximately twofold resolution improvement over conven-
tional ﬂuorescence microscopy, and when extended to non-linear
regimes through saturated excitation [10] or saturated photos-
witching [11], can in principle achieve diffraction-unlimited reso-
lution as for STED and RESOLFT.
A second category of super-resolution imaging uses sequential
localization of individual ﬂuorescent probes to build up a high res-
olution image of the ﬂuorophores labeling the sample (see Fig. 1).Fig. 1. Schematics for conventional and super-resolution ﬂuorescence microscopy.
In conventional imaging, a small object consisting of two crossed lines produces a
blurry image (top right) due to the diffraction of light. The dashed circle indicates
the 250 nm size of a diffraction limited spot which characterizes the resolution of
conventional ﬂuorescence microscopy. In STED and RESOLFT, the molecules at the
periphery of the diffraction limited spot are switched off using a donut-shaped
beam with saturated illumination, such that only ﬂuorophores in the middle of the
donut are visualized. Molecules are switched back on (for RESOLFT) and then the
procedure is repeated and raster scanned across the sample to record a super-
resolution image. In photoswitching SIM (psSIM), a saturating sinusoidal illumina-
tion pattern (green) is used to switch off all molecules except those near the
minima (zeros) of the pattern. The molecules remaining on are imaged by phase
shifting the sinusoidal illumination pattern by half a cycle and then the molecules
are switched back on with illumination at a newwavelength. The sinusoidal pattern
is then scanned over the sample at different phases and angles, and the full image
series is analyzed to extract a super-resolution image. In STORM/PALM, individual
ﬂuorophores (numbered 1–8) are sequentially activated, imaged, and bleached
using wideﬁeld illumination, and a super-resolution image is reconstructed from
ﬁtted positions of the individual ﬂuorophores.This is typically achieved by initially switching off the ﬂuorescence
from the ﬂuorophores labeling the sample and subsequently acti-
vating a sparse subset of molecules to a ﬂuorescent state. The sub-
set of activated molecules is sufﬁciently sparse that one or fewer
molecules is activated at any point in time within a diffraction-lim-
ited region. These activated molecules are imaged onto a sensitive
camera or detector, switched off or bleached, and the process is
repeated many times until all or a sufﬁcient number of ﬂuoro-
phores have been recorded. The images of the activated ﬂuoro-
phores are individually analyzed to determine their positions
with low uncertainty [13,14], and a ﬁnal image is reconstructed
from the determined positions of the ﬂuorophores. The technique
is known as stochastic optical reconstruction microscopy (STORM)
[15], photoactivated localization microscopy (PALM) [16], ﬂuores-
cence PALM (FPALM) [17], and numerous subsequent acronyms,
but all share the same basic single-ﬂuorophore approach. For
brevity, we will refer to this family of techniques simply as
STORM/PALM.
Despite substantial differences in implementation, these far-
ﬁeld super-resolution techniques share several common features.
Fundamentally, they all use some sort of switching mechanism
to reduce the volume of the emitting signal, where the single mol-
ecule approach may perhaps be seen as limit of the smallest possi-
ble emitting volume. The reduction of the emitting volume is
achieved in most super-resolution techniques by photoswitching
ﬂuorophores between long-lived bright and dark states, and this
is used for STORM, psSIM, and most implementations of RESOLFT.
As such, there are special requirements on the ﬂuorophores used in
these methods which have not previously been important for con-
ventional ﬂuorescence microscopy techniques. It is important to
note that STED does not switch off ﬂuorescence by means of
long-lived dark states, but does use light to suppress signal for
most excitation events, and that this also places speciﬁc demands
on ﬂuorophores. Fig. 2 provides an overview of the different types
of photoswitching used in super-resolution ﬂuorescence
microscopy.2. Properties of ﬂuorescent probes for super-resolution imaging
Photoswitchable ﬂuorophores are relative newcomers to bioi-
maging; however, they have made appearances in the literature
well before the advent of super-resolution imaging. For example,
Mitchison created a photoactivatable ﬂuorescein derivative cova-
lently linked to tubulin and subsequently used this to observe
microtubule polymerization at kinetochores [18,19]. Although
photoswitches are becoming more popular among the biological
imaging community, photoswitches have been known for decades
for non-bioimaging applications (e.g., diarylethenes, spiropyrans,
etc.) [20,21]. Several key parameters describe the photoswitching
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cycles, duty cycle, photons per switching event, switching cycle
rate, dependence of these properties on illumination intensity
and chemical environment. These parameters are in addition to
general ﬂuorophore properties to consider, including extinction
coefﬁcient, quantum yield, absorption and ﬂuorescence wave-
lengths, photostability, and water solubility, etc.
The on–off contrast is the brightness of the ﬂuorophore in the
‘on’ state divided by that of the ‘off’ state. This property impacts
the ability to generate contrast between the ﬂuorophores in the
reduced volume of a diffraction-limited region compared to that
of the remainder of the ﬂuorophores in the diffraction limited
region. If the on–off contrast ratio is low (poor), then it is difﬁcult
to detect ﬂuorescence from a small sub-region of a diffraction-lim-
ited spot since the ﬂuorophores outside of that sub-region would
provide a large competing signal that effectively blurs out the mea-
surement. For this reason, a high on–off ratio is generally desired.
The analogue in STED is determined by efﬁciency of the donut-
shaped depletion beam in suppressing ﬂuorescence from the
excited state ﬂuorophores.
Photoswitchable ﬂuorophores typically transit between bright
and dark states some number of times before irreversibly photo-
bleaching. The number of switching cycles achievable with a given
ﬂuorophore and/or condition imposes limitations depending on
the imaging modality. For techniques like RESOLFT or psSIM, the
ﬂuorophores in a given diffraction limited region must be photos-
witched many times in order to record a single super-resolution
image. The analysis routines used in these techniques also typically
assume that there is little photobleaching during the acquisition of
a set of data to generate one super-resolution image, so it is desir-
able to have a photoswitchable molecule which can be switched
many times. For STORM/PALM, a single cycle of photoswitching
is sufﬁcient, though the use of several switching cycles does
improve image resolution by averaging out stochastic localization
errors [22]. Fluorophores in STED must also be able to be scanned
many times, and premature bleaching may be problematic due to
the possibility of the intense STED beam exciting ﬂuorophores to
high-lying excited states that are rapidly bleached. Additionally,
when imaging dynamics in living specimens or specimens which
change over time, many switching cycles are generally desired
for all of the super-resolution imaging techniques. On the other
hand, for STORM/PALM, a single photoactivation followed by irre-
versible photobleaching would in principle provide a particularly
clean way to report on numbers of dye molecules decorating a
sample and, with sufﬁciently well-characterized labeling strate-
gies, could directly report on analyte stoichiometry. Despite the
present lack of a ‘perfect’ single-cycle photoswitch, however, strat-
egies which account for multiple photoswitching cycles have none-
theless made good progress in determining stoichiometry [23–25].
Two properties of photoswitches are especially important for
STORM/PALM, namely photons per switching event and duty cycle.
The number of detected photons per switching event is typically the
main factor dictating the uncertainty of determining a ﬂuoro-
phore’s position, where the uncertainty scales roughly as the
inverse square root of the number of detected photons [13,26]. In
a sense, this uncertainty determines the reduced volume achieved
for STORM/PALM compared to the diffraction limited region
(Fig. 1), but does not solely determine the achievable resolution,
since it does not factor in the achievable density of labels. It is
the duty cycle, or fraction of time a ﬂuorophore spends in an on
state, which limits the maximum density of ﬂuorophores that
may be localized in a diffraction-limited region, with approxi-
mately an inverse relationship between ﬂuorophore density and
duty cycle [22]. This limit on ﬂuorophore density is a simple con-
sequence of the Nyquist sampling theorem, which states that the
maximum attainable resolution is equal to twice the averagedistance between adjacent probes [27]. Together, photons per
localization and duty cycle limit the spatial resolution achievable
by STORM/PALM.
The on and off switching rates limit the speed with which super-
resolution images may be recorded and are important factors gov-
erning the temporal resolution achievable with super-resolution
imaging. Slower photoswitching rates require more acquisition
time while faster photoswitching rates accommodate faster data
acquisition. In many cases the photoswitching rates are controlla-
ble by illumination at one or more wavelengths or by changing the
chemical composition of the imaging cocktail (see below).
Additional properties are worth noting, although we will not
discuss them in detail here. Illumination of biological specimens
with intense visible or ultraviolet light can lead to phototoxicity,
in particular when labeled with ﬂuorophores that can produce
reactive oxygen species, and it is important for live-cell imaging
experiments to assess potential artifacts due to phototoxicity
[28]. For STORM/PALM, errors in position determination may occur
if ﬂuorophores are not freely rotating on the time scale of the mea-
surements, especially for molecules observed slightly above or
below the optimum focus [29–32]. Compatibility with multicolor
imaging is another key property. For example, some popular
STORM/PALM ﬂuorophores, such as EosFP and its relatives, initially
ﬂuoresce in the green region of the spectrum (515 nm) and
photoconvert to ﬂuoresce in the orange/red (575 nm, see also
Fig. 2). This means that EosFP consumes two emission channels,
leaving less options available for multicolor imaging, and thus
motivating the search for ﬂuorophores which maintain all the
other desirable qualities but which do not cause spectral
interference [27,33].
With all of these important ﬂuorophore properties for super-
resolution imaging, it should not be a surprise that there is a large
amount of variability in ﬂuorophore performance. Stefan Hell’s
group has assembled a list of many ﬂuorophores used in STED
along with the reported resolution and the conditions used (e.g.
depletion wavelength and pulse length) [34]. The attainable reso-
lution varies between 16–140 nm, and perhaps future efforts will
help to provide insights into what properties of the ﬂuorophores
lead to better or worse resolution. Recent work has systematically
evaluated many organic ﬂuorophores and ﬂuorescent proteins for
use in STORM/PALM, and as with STED, some STORM/PALM ﬂuoro-
phores achieved excellent results while others performed poorly or
were practically useless [22,35]. This is in stark contrast to conven-
tional ﬂuorescence microscopy, where most ﬂuorophores with
good general properties (i.e., high extinction coefﬁcient, quantum
yield, and photostability) work very well.
While ﬂuorophore structure strongly impacts photoswitching
performance, in many cases, the chemical environment of the ﬂuo-
rophores during imaging (which we refer to as the ‘imaging cock-
tail’) also exerts a strong inﬂuence on performance. For instance, in
the case of the ﬂuorophore Cy5 (which is a close structural relative
of AlexaFluor 647, and which we use synonymously with AlexaFlu-
or 647 in this paper) there are at least ﬁve substantially different
imaging cocktails which have been reported in the literature. The
original STORM/PALM publication with Cy5 used an imaging cock-
tail containing an oxygen scavenger system and thiol to facilitate
photoswitching [15]. Subsequently, it has been shown that Cy5
may be: switched on and off using redox chemistry with ascorbic
acid [36]; reduced with NaBH4 to a long-lived non-ﬂuorescent
form and photoactivated [32]; switched on and off using the phos-
phine TCEP (tris 2-carboxyethly phosphine) [37]; switched on and
off using a thiol and a mixture of either cyclooctatetraene or
unknown additives in the proprietary sample mounting medium
Vectashield [38,39]. For these different schemes, photons detected
per localization varied between 100–1000000, and duty cycle,
which is generally harder to measure, in the neighborhood of
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able properties of a given ﬂuorophore is incredibly powerful, and
yet on the other hand presents a liability if the imaging cocktail
is incorrectly formulated.
3. Fluorescent proteins for super-resolution imaging
Moerner and coworkers reported GFP and YFP as the ﬁrst single
molecule photoswitches over a decade before super-resolution
microscopy techniques became widespread [40]. In the years since
the discovery, signiﬁcant advances have been taken in discovering
or developing new ﬂuorescent protein photoswitches and mutants
with characteristics tailored for speciﬁc experiments, including
super-resolution ﬂuorescence imaging applications. Several recent
reviews summarize many of these developments in the context of
super-resolution imaging [41–45].
In general, ﬂuorescent proteins have the great advantages of a
relatively small size (compared, for instance, to ﬂuorescently
labeled antibodies), convenient genetic encodability for tagging
proteins or molecules which are bound by proteins, and excellent
compatibility with imaging living samples. The photostability or
number of photons per switching cycle of ﬂuorescent proteins
tends to be lower than that of popular small organic dyes and mul-
ticolor super-resolution ﬂuorescence imaging with ﬂuorescent
proteins is still challenging. In contrast, the duty cycle of many
ﬂuorescent proteins may be 1–3 orders of magnitude better than
that of popular organic ﬂuorophores [22,35]. Furthermore, as with
any experiments involving tagged proteins, practitioners should be
cautious to avoid problems related to overexpression, codon opti-
mization, oligomerization or aggregation, perturbation of sensitive
proteins, or endogenous untagged protein that may be unobserv-
able in an experiment [35]. Depending on the experiment, the mat-
uration time and the impact of the tag on expression levels of the
fusion protein may also be important considerations [35].
Fluorescent proteins used in super-resolution ﬂuorescence
microscopy come in several broad categories. Those used in STED
must resist photobleaching while illuminated with the relatively
intense excitation and depletion beams. In contrast, the ﬂuorescent
proteins used in RESOLFT, psSIM, and STORM/PALM must beFig. 3. Representative photoswitching mechanisms of ﬂuorescent proteins. (A) FPs such a
upon illumination with violet or ultraviolet light. The photochromic shift occurs due to c
and red-shifts the absorption and emission spectra by 50–60 nm. (B) FPs such as Dronpa
trans form is dark. Other ﬂuorescent proteins may use a combination of these phenomephotoswitchable in some way. This includes ﬂuorescent proteins
which are initially dark and may be photoactivated either irrevers-
ibly (such as photoactivatable GFP) or reversibly (such as Dronpa)
[47,48]. Other ﬂuorescent proteins, such as EosFP, are instead able
to irreversibly convert from a green ﬂuorescent form to a red-ﬂuo-
rescent form, such that when viewed in the red channel, the ﬂuo-
rescent protein appears to photoactivate [49]. While the green to
red photoconversion is irreversible, many of these ﬂuorophores
also exhibit blinking behavior in the red form which may confuse
quantiﬁcation efforts if not properly handled [50,51]. There are
also ﬂuorescent proteins which exhibit a combination of these
two behaviors, such as IrisFP which is photoconvertible between
green and red ﬂuorescent states and also exhibits reversible photo-
activation in both the green and red ﬂuorescent forms [46]. The
basic switching behaviors are illustrated in Fig. 3 and a table sum-
marizing photoswitching properties of a number of ﬂuorescent
proteins are shown in Table 1.
STED microscopy has utilized many ﬂuorescent proteins in
super-resolution imaging to date. GFP, YFP, citrine and others have
been used for 50–70 nm resolution imaging with good results in
both ﬁxed and living cells [52–60]. In a particularly impressive
demonstration, YFP was used to image dendrites in the brain of a
living mouse at <70 nm resolution [61]. Multicolor imaging with
STED faces the challenge of accommodating different excitation
and depletion wavelengths along with the excitation and emission
bands of each ﬂuorophore. One approach to this challenge has been
to use common excitation and depletion wavelengths for two ﬂuo-
rophores with nearby emission bands that are separable using
spectral unmixing techniques, for instance using the GFP/YFP pair
where 100 nm resolution with 10% crosstalk was achieved [62].
Numerous reversible photoswitchable ﬂuorophores have been
utilized for RESOLFT and photoswitching SIM, including several
recent excellent additions to the arsenal. Compared to imaging
by STED, these probes can operate at orders of magnitude lower
illumination intensities, such that phototoxicity concerns for imag-
ing living samples are greatly reduced. Dronpa has been used for
photoswitching SIM, and, under optimized conditions that yielded
65 switching cycles, has achieved <50 nm resolution of various
in vitro or cellular structures [11]. In 2011, Stefan Hell, Stefans EosFP convert irreversibly from a green ﬂuorescent form to a red ﬂuorescent form
leavage of the peptide backbone which extends the conjugation of the chromophore
undergo reversible cis–trans isomerization, where the cis form is ﬂuorescent and the
na, such as IrisFP [46].
Table 1
A selection of ﬂuorescent proteins used for super-resolution ﬂuorescence imaging. In the notes ﬁeld, each ﬂuorescent protein’s oligomeric state is indicated (m = monomer,
d = dimer, wd = weak dimer, t = tetramer) along with a code for the type of ﬂuorophore (ps = reversibly photoswitchable, pa = photoactivatable, pc = photoconvertible). The
properties of the ﬂuorescent forms of these ﬂuorophores used for super-resolution imaging are tabulated here: kex (excitation wavelength); kem (emission wavelength); kon/off
(wavelengths for switching the ﬂuorescence on and off, respectively); e (extinction coefﬁcient); U (ﬂuorescence quantum yield); on–off contrast ratio (ratio of intensity of the
emissive form to the dark form); N (number of switching cycles, including reported blinking events after irreversible photoconversion [51]); phot. (number of detected photons
per localization event); ND indicates the parameter was not determined.
Fluorescent proteins used in super-resolution imaging











EGFP m 490 510 575 55000 0.6 70 nm [52–55]
EYFP m 514 527 598 36500 0.63 <100 nm [52,55,56]
Citrine m 516 529 592 77000 0.76 <60 nm [52,57,58]
E2Crimson t 611 646 760 126000 0.23 <100 nm [52,59]











U On–off contrast N References
Dronpa m, ps 503 518 405/488 95000 0.85 30 60–70 [11,71,72]
rsEGFP m, ps 493 510 405/491 47000 0.36 50 >1100 [63,65]
rsEGFP2 m, ps 478 503 430/488 61300 0.3 ND >2000 [65,66]
Dreiklang m, ps 511 529 340/412 83000 0.41 75 >160 [43,64]











U On–off contrast N Phot. Duty
cycle
References
PAmcherry1 m, pa 564 595 370 on 18000 0.46 4000 1 (1) 725 8  106 [33,35,51]
Dronpa m, ps 503 518 405/488 95000 0.85 ND 60–70 120 8  104 [11,35,41,71]
Dreiklang m, ps 511 529 340/412 83000 0.41 75 ND 400–700 ND [43,64,73]
MEos2 wd, pc 569 581 405/573 41000 0.55 ND 1 (2.8) 1000 3  106 [35,51,67–
69]
MEos3.2 m, pc 572 580 405/572 32200 0.55 ND 1 (2.4) 1000 3  106 [35,51,70]
mMaple wd, pc 566 583 380/566 30000 0.56 ND 1 (3.4) 1000 2  106 [35,51,69]
mMaple2 m, pc 566 583 405/566 ND ND ND ND 800 1  106 [35]
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switchable ﬂuorescent proteins, dubbed Dreiklang and reversibly
switchable enhanced GFP (rsEGFP), which can photoswitch more
than 160 and 1000 cycles, respectively [63,64]. Using these low-
fatigue probes, they achieved <40 nm resolution imaging in ﬁxed
cells. Subsequently, these proteins and some more recently devel-
oped ones such as rsEGFP2, rsCherryRev1.4, and others have found
application in one- and two-color RESOLFT imaging in ﬁxed or liv-
ing cells at 50–100 nm resolution [65,66]. Many of the reversibly
photoswitchable ﬂuorescent proteins are switched off using the
same wavelength as the imaging wavelength and are switched
on with ultraviolet light.
For STORM/PALM, EosFP and many of its close relatives have
been popular choices for ﬂuorescent labels owing to their good
on–off contrast, duty cycle, and relatively high value number of
detected photons per localization (1000 photons) [67–70]. The
original tdEosFP was an obligate tetramer and has been extensively
engineered to create variants which have little to no tendency to
aggregate but which still maintain the desirable optical properties
of the chromophore [49,67,70]. The reversibly photoswitchable
ﬂuorescent protein Dreiklang, also described above for RESOLFT
(or psSIM, in principle) emits400–700 detected photons/localiza-
tion for many cycles and 35 nm localization uncertainty, is par-
ticularly interesting for live-cell applications where many
snapshots would be desired [64]. Other variants include mMaple2
which, like the EosFP variants, emits a good number of photons
(800 detected photons/localization) but shows a superior efﬁ-
ciency of expression/folding/maturation and lacks the tendency
to form dimers of the original mMaple variant [35,69]. A major cur-
rent limitation is that the options for two-color (or more) STORM/
PALM using ﬂuorescent proteins are at present quite limited. This
limitation arises in part since photoconvertible ﬂuorescent pro-
teins are preferred due to their relatively high photons/localization
but also has the consequence that the two main ﬂuorescent protein
channels are consumed by a single probe.4. Organic ﬂuorophores for super-resolution imaging
Intermittent emission from single organic ﬂuorophores was
observed in many of the earliest single molecule ﬂuorescence mea-
surements [74,75]. Approximately a decade later, the particularly
robust Cy5 photoswitch was reported and then applied to super-
resolution imaging by STORM/PALM [15,76,77]. Over the next
few years, several groups reported the use of a range of established
organic ﬂuorophores for imaging by STORM/PALM, with a fair
amount of variability in procedures and performance [78–80].
Meanwhile, STED, which utilizes the universal property of stimu-
lated emission rather than photoswitching to long-lived dark
states, had been demonstrated with many organic dyes [52].
RESOLFT/psSIM have been less utilized with organic ﬂuorophores,
and we will omit these from our discussion on organic ﬂuoro-
phores except to point out here that low switching intensity
organic ﬂuorophores with a large number of switching cycles
would be particularly helpful for these techniques.
In general, the best organic ﬂuorophores are substantially
brighter and more resistant to bleaching than their best ﬂuorescent
protein counterparts and also have the advantage of small size. For
instance, the dye Abberior STAR 635P can achieve a resolution in
STED which is approximately two times better than the best reso-
lution achievable with any of the ﬂuorescent proteins, presumably
due to a high photostability [81,82], and in STORM/PALM, the dye
Cy5 gives several times more photons per localization than any of
the currently preferred photoswitchable ﬂuorescent proteins
[22,68–70]. Because there are a wide array of organic ﬂuorophores
spanning the visible and near infrared region of the electromag-
netic spectrum, there are many good options for multicolor imag-
ing of cellular structures for both STED and STORM/PALM
[22,78,81,83,84]. Notably, the duty cycle of many photoswitchable
ﬂuorescent proteins is 10–1000 times lower than many of the
currently favored photoswitchable organic ﬂuorophores, and may
enable experiments at higher densities with photoswitchable
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organic ﬂuorophores [22,35].
Organic ﬂuorophores are not without their drawbacks, how-
ever, and in many cases have inferior properties for labeling sam-
ples compared to ﬂuorescent proteins. The use of indirect or direct
immunoﬂuorescence with bulky dye-conjugated antibodies may
blur out structures of interest and in most cases requires ﬁxation
and permeabilization of the specimen to accommodate staining.
The advent of small, single-chain antibodies raises the prospect
of using small epitope tags with minimal blurring effects [85],
although these are at present only commercially available for tar-
geting a very small number of proteins or epitope tags and in any
event are primarily restricted to use in non-living specimens. Some
organic ﬂuorophores are able to label speciﬁc cellular structures of
interest in live or ﬁxed specimens by virtue of the intrinsic proper-
ties of the ﬂuorophore or an attached moiety [86,87], but the
approach is limited to fairly a small subset of organelles or struc-
tures (e.g. mitochondria, the plasma membrane, cytoskeleton,
etc.). A growing body of labeling techniques utilizes reactive pro-
tein tags that can recognize a ﬂuorophore conjugated to a substrate
which may be bound by or covalently linked to the reactive protein
[88–90]. While these reactive labeling techniques offer the pros-
pects of the best of both worlds, at present, many of the desirable
organic ﬂuorophores are not cell-permeant and thus practitioners
may be restricted to the use of cell-permeant ﬂuorophores or the
use of dye delivery of impermeant ﬂuorophores by bead loading,
pinocytosis, or electroporation [68].
Organic ﬂuorophores photoswitch by a variety of mechanisms.
For instance, Cy5 has been shown to react with thiols upon illumi-
nation with red light, or with the phosphine TCEP (tris 2-carboxy-
ethylphosphine) in the absence of light, to generate a non-
ﬂuorescent adduct [37,91]. The adduct consists of the addition of
the thiol or phosphine to the polymethine bridge of Cy5 such that
the conjugation of dye is disrupted and the molecule’s absorption
shifts to the ultraviolet (Fig. 4). In contrast, several rhodamine ﬂuo-
rophores have been shown to generate long-lived non-ﬂuorescent
radical species which can also be photoactivated by illumination
with ultraviolet light [92]. Yet a third mechanism for photoswitch-
ing has been established for the oxazine dye Atto 655, which
undergoes two one-electron reactions to generate a reduced form
of the dye and which is also activatable by illumination with ultra-
violet light [92,93]. Some ﬂuorophores are prepared chemically in
a dark form and may be photoactivated by illumination with, for
instance, ultraviolet light [32,94–98]. The details of many of these
chemical or photochemical reactions require further study. These
photoswitching properties have been primarily utilized for
STORM/PALM, to date. As mentioned earlier, in STED, it is stimu-
lated emission of molecules at the periphery of a diffraction limited
region which leads to reduction of the imaging volume. WhileFig. 4. Example mechanisms for photoswitching of a cyanine and rhodamine ﬂuorophor
presence of a thiol or phosphine, Cy5 transitions to a non-ﬂuorescent state adduct consi
ultraviolet light can dissociate the adduct. (Bottom) Several rhodamine ﬂuorophores can
their main absorption band in the absence of oxygen. The dark form may be photoactivstimulated emission is a process common to all ﬂuorophores, tran-
sitions to higher lying states that can lead to premature photoble-
aching tends to be one of the key factors that renders a ﬂuorophore
unsuitable for STED.
STED has been used with a wide range of organic ﬂuorophores
and many recent developments have in particular improved the
technique’s multicolor capabilities. These include long-established
STED ﬂuorophores such as Chromeo 488, Atto 565, and Atto 647 N,
as well the recent rhodamine derivatives, carbopyronine
derivatives, or Abberior STAR series ﬂuorophores which are
now commercially available (e.g., Abberior STAR 635P)
[34,52,81,82,99,100]. Multicolor imaging strategies include the
use of common excitation and depletion wavelengths with closely
emitting ﬂuorophores (e.g., that can be separated through spectral
unmixing techniques, as was described above for two-color ﬂuo-
rescent protein imaging). A second strategy utilizes two ﬂuoro-
phores with well-separated excitation and emission spectra (e.g.,
Atto 590 and Abberior STAR 635P) whose ﬂuorescence emission
can be switched off with a common depletion beam [101]. The
use of a common depletion beam in both of these approaches helps
to ensure good channel registration and also helps minimize com-
plexity and cost in the apparatus.
A wide range of organic ﬂuorophores have also been employed
in STORM/PALM, including representatives from many popular
general classes of ﬂuorophores such as rhodamines, cyanines, oxa-
zines, carbopyronines, bodipy ﬂuorophores and others [22,78–
80,86,98,102]. The results obtainable with the ﬂuorophores vary
widely, however, and as with STED ﬂuorophores, it is recom-
mended to choose STORM/PALM ﬂuorophores carefully. A recent
systematic comparison of many commercially available organic
ﬂuorophores for STORM/PALM [22] established good metrics for
evaluating ﬂuorophore ﬁtness and identiﬁed several very good
ﬂuorophores amongst the panel and conditions tested. One key
ﬁnding of interest to practitioners is that when using the popular
oxygen scavenger/thiol based imaging cocktail, the best results
amongst the explored dyes and conditions were obtained with
Cy5 (or AlexaFluor 647) and the best four-color results were
obtained with Atto 488/Cy3B/AlexaFluor 647/DyLight 750. Subse-
quent reports from the same group include an improved two-color
imaging scheme based on phosphine quenching of cyanine ﬂuoro-
phores [37], organelle/membrane probes for live-cell STORM/PALM
imaging [86], and reductively caged ﬂuorophores which when acti-
vated in an optimized imaging cocktail [103,104] can yield 10–
1000 times greater photons per localization [32]. Data for a subset
of these ﬂuorophores are summarized in Table 2.
Beyond utilizing long-established, commercially available ﬂuo-
rophores, there has been growing interest in the development of
new ﬂuorophores or ﬂuorophore variants that are tuned for one
or more super-resolution methods, including STORM/PALM.e. (Top) Upon incubation with a phosphine or illumination with 647 nm light in the
sting of the phosphine or thiol bound to the polymethine bridge. Illumination with
be converted to a long-lived, non-ﬂuorescent radical upon illumination with light at
ated by illumination with ultraviolet light.
Table 2
A selection of small organic ﬂuorophores used for super-resolution ﬂuorescence imaging. In the notes ﬁeld for STORM/PALM ﬂuorophores, a two letter code for the type of
ﬂuorophore is indicated in each case (ps = reversibly photoswitchable, pa = photoactivatable). For photoswitched ﬂuorophores in the STORM/PALM section, the use of a thiol or
phosphine switching agent is indicated by (thiol) or (TCEP, for tris 2-carboxyethylphosphine), while photoactivated/caged ﬂuorophores lack the designation. The properties of the
ﬂuorescent forms of these ﬂuorophores used for super-resolution imaging are tabulated here: kex (excitation wavelength); kem (emission wavelength); kon/off (wavelengths for
switching the ﬂuorescence on and off, respectively); e (extinction coefﬁcient); U (ﬂuorescence quantum yield); duty cycle (fraction of time spent in the on state); N (number of
switching cycles, including reported blinking events after irreversible photoconversion [51]); phot. (number of detected photons per localization event); ND indicates the
parameter was not determined. In most cases, on–off contrast values were not reported. Comparably few reports have been published for RESOLFT/psSIM and this section has not
been tabulated here.
Organic ﬂuorophores used in super-resolution imaging
STED ﬂuorophore Notes kex (nm) kem (nm) kSTED (nm) e (M1 cm1) U Resolution reported References
Chromeo 488 488 517 592 73000 0.38 30 nm [52,83,111]
Chromeo 494 494 628 760 55000 0.28 80 nm [52,111,112]
Atto 565 563 592 662 120000 0.9 30–60 nm [52,114,115]
Atto 647N 644 669 765 150000 0.5 30–60 nm [52,83,113–115]
Fl-Rhodamine 633 653 762 75000 0.92 40 nm [81,82,100,116]
Si-Rhodamine 645 662 775 100000 0.39 50 nm [117]
AbberiorSTAR635P 635 655 775 75000 0.92 20 nm [81,82]
STORM/PALM ﬂuorophore Notes kex (nm) kem (nm) kon/off (nm) e (M1 cm1) U Duty cycle N Phot. References
Atto 488 (thiol) ps 501 523 405/488 90000 0.8 0.0022 49 1100 [22,115]
Atto 488 pa 501 523 405/488 90000 0.8 0.002 1 104 [22,32,115]
Cy3B (thiol) ps 559 570 405/561 130000 0.67 0.0004 5 2050 [22,118]
Cy3B pa 559 570 405/561 130000 0.67 0.0004 1 105 [22,32,118]
Alexa 647 (thiol) ps 650 665 405/647 239000 0.33 0.0007 26 5200 [22,119]
Cy7 (thiol) ps 747 776 405/750 250000 0.28 0.0004 3 1000 [22,118]
Alexa 750 (TCEP) ps 749 775 405/750 240000 0.12 0.0004 ND 2800 [22,37,119]
Si-Rhod. (thiol) ps 645 662 ND/640 100000 0.39 ND ND 630 [117]
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rescein derivatives [96–98,105] and ﬂuorophores based on DCDHF
(2-dicyanomethylene-3-cyano-2,5-dihydrofuran) [106]. As super-
resolution imaging techniques become more widespread and
demand grows for excellent super-resolution probes, hopefully
these and other optimized compounds become commercially
available in order to have broad impact in the hands of researchers.
In contrast to ﬂuorescent proteins, which are typically insensi-
tive to the composition of the imaging solution, organic ﬂuoro-
phores are very sensitive, both in terms of general ﬂuorescence
properties (e.g., photostability) and in terms of photoswitching
properties. The use of various additives to form an ‘imaging cock-
tail’ is an important part of many of these techniques, but often
the effects are difﬁcult to interpret since the additives may func-
tion in multiple ways. For example, thiols are often added to imag-
ing cocktails and may function as a: triplet state quencher [107];
ligand that forms a non-ﬂuorescent adduct with a dye [91]; reduc-
tant which can produce a long-lived, non-ﬂuorescent radical spe-
cies [92]; deoxygenation agent by reacting with oxygen to form
disulﬁdes and water [108]; or perhaps a mixture of these or other
yet unidentiﬁed roles. The introduction of an oxygen scavenging
system can lower oxygen concentrations substantially, but can
lead to different outcomes. Oxygen is also a very efﬁcient triplet
state quencher which can yield higher ﬂuorescence turnover rates
(e.g., more photons per unit time) but which also leads to increased
rates of photobleaching. For this reason, single molecule ﬂuores-
cence studies often utilize an oxygen scavenger system in the
imaging cocktail. Use of a reducing and oxidizing system (ROXS),
such as the combination of methyl viologen and ascorbic acid
together with an oxygen scavenging system, is a popular formula-
tion to minimize photobleaching rates and blinking, although there
are exceptions in which ﬂuorophores still show substantial blink-
ing under these conditions [37,104]. Even the use of heavy water
(D2O) can impact photoswitching performance, such as for some
oxazine and cyanine dyes which were recently reported to have
a higher ﬂuorescence quantum yield and/or higher photons per
localization in heavy water as compared to normal water
[109,110].5. Additional super-resolution techniques and ﬂuorescent
probes
In this article we have focused on ﬂuorescent proteins and small
organic ﬂuorophores used in STED, RESOLFT/psSIM, or STORM/
PALM. However, not all established techniques and not all ﬂuores-
cent probes ﬁt neatly into these categories. For instance, SOFI
(super-resolution optical ﬂuctuation imaging) uses higher order
statistical analysis of ﬂuctuating ﬂuorescent signals in an image
to generate super-resolution ﬂuorescence images even without
requiring the localization of individual ﬂuorescent spots [120].
Another technique, dubbed Bayesian localization microscopy, uses
a more computation-intensive approach to model an entire set of
ﬂuorophore positions in a sample based on a series of measure-
ments during which the ﬂuorophore labels may blink or bleach
[121]. Additional classes of ﬂuorescent probes have also been used
in super-resolution microscopy, including quantum dots, ﬂuoro-
phores which reversibly bind to a target of interest, and organic
ﬂuorophores which turn on as a result of binding.
Quantum dots are intriguing ﬂuorophores due to their high
total photon yield and have been used in a number of super-reso-
lution imaging papers. These go back to Lidke et al., whose work on
independent component analysis with quantum dots presaged
STORM/PALM type localization-based microscopy [122]. Subse-
quent efforts have found application of quantum dots to imaging
by RESOLFT, STORM/PALM, and SOFI although they have not found
as frequent use as ﬂuorescent proteins or organic ﬂuorophroes
[120,123,124]. One concern regarding the use of core–shell quan-
tum dots (which are also surface-passivated and functionalized)
is their relatively large hydrodynamic radius (20 nm), although
this may potentially be improved by the use of smaller quantum
dots in the future [125].
A subset of probes used for localization-based microscopy does
not utilize photoactivation at all, but instead uses reversible bind-
ing with or without a chemical turn-on feature. For instance,
Sharonov and Hochstrasser utilized the turn-on ﬂuorescence prop-
erty of the dye Nile red binding to the plasma membrane in their
super-resolution method known as PAINT (points accumulation
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been adapted to use the highly tunable binding/unbinding of ﬂuo-
rescently labeled DNA oligonucleotides to structures labeled with a
complementary oligonucleotide, known as DNA-PAINT [127,128].
DNA-PAINT has several attractive aspects, including being compat-
ible with virtually any ﬂuorophore, and the technique will likely
ﬁnd increased usage in coming years.
6. Conclusions
Over the past 5–10 years, super-resolution ﬂuorescence micros-
copy has evolved from a small number of techniques used by a
handful of specialist labs to a wide range of super-resolution tech-
niques which can be found now at many major research institu-
tions around the world. Much of the excitement over these tools
relates to the ability to gain sharper glimpses of biological objects
whose intrinsic size scales and density are often smaller than the
diffraction limit of light, and an untold number of discoveries are
hidden just beneath the diffraction limit. At this point in the ﬁeld,
even as the techniques push forward to new frontiers of spatial or
temporal resolution or live cell capability, etc., it is more important
than ever that new ﬂuorophore developments include adequate
characterization of the properties of the ﬂuorophores so practitio-
ners may evaluate whether or not the ﬂuorophore is likely to be
useful for their intended application. Hopefully, as super-resolu-
tion ﬂuorescence microscopy matures into a workhorse tool for
the biological imaging community, this will become standard prac-
tice for new reports on ﬂuorophores or ﬂuorophore properties.
Only by these efforts can the best tools be placed into the hands
of practitioners for widest impact.
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